Background Modular tapered stems have been suggested
radiographic evidence of osseointegration; and (3) the Harris hip scores of patients revised with a modular tapered stem for severe femoral bone loss including the complications associated with their use. Methods Between 1999 and 2010, we performed 1124 femoral revisions; of those, 135 (12%) were performed using a modular tapered stem. General indications for use of this device included bone loss, poor quality bone, leg length discrepancy, difficulty adjusting version, proximal femoral remodeling, and ectatic medullary canals in the setting of revision THA. This report reviewed 70 of those that were performed in Type IIIB and IV femurs. Of those 70 patients, 11 had died and one was lost before 2-year followup; the remaining 58 (83%, 33 with a Type IIIB femur and 25 with a Type IV femur) were followed for a minimum of 24 months (average, 67 months; range, 24-151 months). Survivorship free from revision, radiographic analysis for signs of subsidence or stem loosening, and Harris hip scores were tallied. Results One patient underwent stem revision for early subsidence followed by failure of ingrowth for a survivorship free from repeat revision of 98% (57 of 58 patients). Five other stems (for a total of six [10%]) subsided early but nonetheless achieved radiographic signs of ingrowth and were not revised again. All other stems demonstrated osseointegration without subsidence and remained radiographically well fixed. In patients with surviving implants, the mean Harris hip score improved from 34 (range, preoperatively to 74 (range, 14-100; p \ 0.001) postoperatively. Overall, 15 of 58 patients (26%) experienced a complication, of whom 10 (17%) underwent reoperation. Conclusions We found that modular tapered stems resulted in 98% survivorship at a mean of 67 months in patients with Type IIIB and IV femurs undergoing femoral Each author certifies that he or she, or a member of his or her immediate family, has no funding or commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research 1 editors and board members are on file with the publication and can be viewed on request. Clinical Orthopaedics and Related Research 1 neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDAapproval status, of any drug or device prior to clinical use. Each author certifies that his or her institution approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained. This work was performed at Rush University Medical Center, Chicago, IL, USA.
Introduction
Revision THA in the setting of femoral bone loss is a difficult clinical problem with a variety of available treatment options including cemented stems [3, 6, 16] , monoblock tapered stems [11, 14, 19] , cylindrical stems [1, 2] , modular tapered stems, proximal femoral-replacing prostheses, and the use of impaction grafting [15] . In general, cylindrical, nonmodular, fully porous, cobaltchromium stems have been used as the workhorse of femoral revision surgery in North America with several studies demonstrating excellent results, particularly in Paprosky [23] Type I to IIIA femurs [8, 17, 19, 20, 22] . However, successful revision is more challenging in Paprosky Type IIIB and IV ( Fig. 1A-B ) femurs, because these patients have severe bone loss with minimal isthmus available for distal fixation of the revision stem. Sporer and Paprosky [26] found that 18% (two of 11) of patients treated with a fully porous-coated stem for revision of Type IIIB defects failed and 37.5% (three of eight patients) failed in Type IV defects. Additionally, there are a number of complications associated with use of these prostheses including thigh pain [14, 19] , stress shielding [19] , and intraoperative fractures [18, 29] .
Given these issues, modular tapered titanium stems have been suggested as an alternative solution for these more complex femoral defects. It has been suggested that the tapered distal geometry is better able to engage a short isthmic segment than a stem with a cylindrical distal geometry [24] . Furthermore, the modulus of elasticity of titanium is more similar to bone than other metals, which may decrease thigh pain and stress shielding. Additionally, modularity of the stem allows for impaction of the distal segment until secure axial stability is obtained and then using the varied available modular options in the proximal segment to adjust for leg length, offset, and version. However, there are few data describing survivorship and hip scores associated with this newer stem design in patients with severe femoral bone loss [21, 27, 28] .
The purpose of this study was to determine, at minimum 2-year followup, the (1) survivorship of modular tapered implants used in the setting of severe femoral bone loss;
(2) radiographic evidence of osseointegration of these stems; and (3) Harris hip scores, complications, and reoperations associated with use of these stems for complex femoral revisions.
Patients and Methods
Between February 1999 and January 2010, three fellowship-trained arthroplasty surgeons (CJDV, WP, SS) at one institution performed 1124 femoral revisions; of those, 135 (12.0%) were performed using a modular tapered stem. General indications for use of this device included bone loss, poor bone quality, leg length discrepancy, difficulty adjusting version, proximal femoral remodeling, and ectatic medullary canals in the setting of revision THA. This institutional review board-approved study reviewed the 70 that were performed in Paprosky Type IIIB and IV femurs. Eleven of 70 patients had died without 2-year followup, and one of 70 patients was lost to followup, leaving 58 patients (83%) for evaluation. The group consisted of 28 men and 30 women out of 58 patients with an average body mass index of 29 kg/m 2 (range, 17-49 kg/m 2 ) and age of 66 years (range, 45-89 years) at the time of surgery. Thirty-three patients had a Paprosky Type IIIB femur and 25 patients had a Paprosky Type IV femur ( Fig. 1A-D ). During this time an additional 39 stems with Type IIIB and IV femurs were revised at this center using other techniques but are not analyzed as part of this report. Nineteen of these were treated with a fully porous coated stem and previously described by Sporer and Paprosky [26] .
The reasons for revision included aseptic loosening (37 of 58 patients), periprosthetic joint infection (10 of 58 patients), periprosthetic fracture (nine of 58 patients), and broken implants (two of 58 patients). All patients underwent revision THA with use of a modular tapered femoral prosthesis. Forty-one of 58 patients (71%) had a ZMR stem (Zimmer, Warsaw, IN, USA), 14 of 58 patients (24%) had a Restoration stem (Stryker, Mahwah, NJ, USA), and three of 58 patients (5%) had an MP reconstruction stem (Link, Hamburg, Germany). Minimum followup was 24 months (average, 68 months; range, 24-152 months). An extended trochanteric osteotomy was used as part of the surgical approach in 37 of 58 hips (64%).
Postoperatively, patients were evaluated clinically and radiographically at 3 weeks, 6 weeks, 3 months, 1 year, and annually thereafter. Radiographs at each visit were compared with initial postoperative radiographs to evaluate for femoral component subsidence, osseointegration, and implant failure. Whereas Engh et al. [7] have established radiographic criteria for evaluating cylindrical stems, there is no such established system for tapered stems. However, we used criteria similar to that used by the Revision Total Hip Arthroplasty Study Group [24] such that stems were considered osseointegrated if there was no subsidence, pedestal formation, or periprosthetic fracture. Patients were evaluated clinically using the Harris hip score [12] and were specifically queried regarding thigh pain and assessed for the occurrence of any complications. Descriptive statistics were used to analyze the data set. Student's t-test was used to compare continuous variables with significance set at p = 0.05. Kaplan-Meier analysis was used to evaluate survivorship [13] .
Results
Kaplan-Meier survivorship (Fig. 2 ) was 98% at 12 years (95% confidence interval, 89.5%-99.5%). At the time of the most recent evaluation, one stem in one patient was considered a clinical failure. The stem in this patient failed to osseointegrate; the patient had persistent pain, leg length discrepancy, and poor ambulatory ability; and ultimately underwent a total femoral arthroplasty at an outside hospital 18 months postoperatively. No other stems were rerevised, and none of the 12 patients who had died or were lost to followup before 2 years were known to have had their stems revised.
Six of 58 stems (10%) subsided more than 4 mm within the first 3 months; however, the only stem that did not osseointegrate was in the patient who underwent revision surgery. The other five prostheses were clinically and radiographically stable at the latest examination. Of the stems with early subsidence, four were in Type IIIB femurs and two were in Type IV femurs. Additionally, three of 14 (28.6%) were Stryker Restoration stems and three of 41 (7.3%) were Zimmer ZMR stems (p = 0.17). The mean amount of subsidence in this group was 23 mm (range, 7-34 mm). Five of 37 (13.5%) femurs that were treated using an extended trochanteric osteotomy and one of 21 (5%) femurs revised without an extended osteotomy subsided more than 4 mm (p = 0.4). The mean Harris hip score (HHS) improved from a mean preoperative value of 34 (range, 0-92) to a mean postoperative value of 74 (range, 5-100; p \ 0.001). Eleven of 58 patients (19%) reported experiencing at least some thigh pain at their most recent postoperative visit.
Overall, 10 of 58 patients (17%) required reoperation including five exchanges of the modular head and liner for recurrent instability, two open reduction and internal fixation of postoperative periprosthetic supracondylar femur fractures, one acetabular revision for aseptic loosening, one irrigation and débridement of a superficial hematoma, and the one stem that was loose. Of the patients who had recurrent instability, none had stems that had subsided. Four of 58 patients (7%) had intraoperative femur fractures. One fracture occurred in the patient whose stem did not osseointegrate and required revision to a total femur, but the other three patients had no further issues. Additionally, there was one patient who dislocated but has not required revision and one nondisplaced periprosthetic fracture treated nonoperatively. Overall, 15 of 58 patients (26%) experienced a complication (Table 1) . With the numbers available, there was no association between frequency of complications and stem type.
Discussion
Revision THA in the setting of severe bone loss remains a challenge. Given the failures of monoblock cylindrical stems in patients with the most severe defects (Paprosky Type IIIB/IV) [26] , it has been suggested that these patients may be best treated with a modular tapered stem; however, few studies have specifically studied this issue [21, 27, 28] . Stems with a tapered distal geometry may be able to gain stability in a shorter isthmic segment than a cylindrical stem, whereas their modularity allows the surgeon to adjust length, offset, and version. Furthermore, a titanium stem may decrease thigh pain and proximal stress shielding. The purpose of our study was to evaluate the survivorship free from repeat revision, radiographic signs of osseointegration, hip scores, and complications in a population of patients with severe bone loss whose femoral revisions were performed with a modular tapered stem.
One limitation to this study is the relatively high percentage of patients who had died or were lost to followup (12 of 70 [17%]). Although this does diminish our results to some degree, to our knowledge, none of the patients who had died or were lost to followup had undergone revision as of our last evaluation. Another limitation is that the data, although collected prospectively, were reviewed retrospectively. Every attempt was made to review patient records rigorously and objectively; however, the nature of retrospective review is such that bias can be introduced in the review and the data are not always accurate. Furthermore, our study was noncomparative and thus it is unknown if alternative treatment options would have led to similar outcomes. Similarly, selection bias may have been introduced because the most severe femoral defects may require more extensive treatment in the form of allograftprosthetic composites, impaction grafting, or tumor prostheses. It is likely that patients selected for modular tapered implants were slightly healthier and had bone with sufficient quality to support distal fixation. Additionally, three different stems with varying design characteristics were used, but the relatively low numbers rendered it difficult to make any meaningful comparisons. Furthermore, our functional outcomes were only measured by HHS because this was the only outcomes tool consistently available during our retrospective review. A final limitation is the wide range of duration of patient followup. Although we had an average of followup time of over 5 years, the wide range (24-152 months) undermines the interpretation of longer-term survivorship. This is notable given that 10% of the radiographs demonstrated early subsidence. Whereas these patients clinically and radiographically appeared to subsequently osseointegrate, this group of patients is being followed closely.
The proportion of patients undergoing repeat revision after revision with a modular tapered stem was similar to previously published reports in which this stem type was used for revision surgery in the setting of Paprosky Type IIIB/IV bone loss. The authors of this paper [27] had previously reported on 16 patients treated in this manner and had only one failure, but this was with followup limited to a mean of 2 years. Palumbo et al. [21] reported on 18 patients with Paprosky Type IIIB/IV femurs treated with the Stryker Restoration modular tapered stems at a mean followup of 4.5 years. HHS increased from mean 56 to 79, and overall implant survival rate was 94% (17 of 18 patients). Van Houwelingen et al. [28] reported on 48 patients with Type 3B and 4 defects at a mean of 84 months followup. The implant survivorship in that series was 90% (43 of 48 patients) with several failures being the result of implant breakage. Osseointegration of the implant is inherently associated with patient outcomes and survivorship because failure to achieve stable fixation often leads to pain and eventual revision. As noted by the results of our study as well as others [21, 28] , early subsidence is relatively common with implants of this design. Although most of these stems stabilize and osseointegrate, leg length discrepancies can and do occur. Van Houwelingen et al. reported that all of the seven of 48 (15%) patients in their study who had early subsidence eventually achieved stability. In our study the average leg length discrepancy at most recent followup in patients with early subsidence was 25 mm. This is an important point because leg length discrepancy after THA has been associated with back pain [9] , problems with gait [25] , and dislocation [34] . However, other studies have found no correlation with outcomes [32, 33] . Comparisons to other studies are difficult, because most do not report leg length discrepancy. Weiss et al. [30] reported that only two of 63 patients (3%) had [ 3 cm discrepancy and 30 of 63 patients (48%) had no discrepancy with the use of the Link MP prosthesis; however, the patient population in this study substantially differed from ours such that the bone loss was less severe in the majority of patients. Although design features of the implant (such as the degree of the taper, curvature of stem, and surface coating) may affect the frequency of this complication, we did not have large enough numbers to identify definitively which stem design characteristics were most advantageous. Future studies involving more hips might evaluate the association of the angle of the taper (an element of stem design) and the use of extended trochanteric osteotomy (a factor related to surgical approach) with subsidence. We do believe that care with surgical technique is also critical. Specifically, the surgeon should ensure that reaming is performed until cortical contact is achieved and the liberal use of intraoperative radiographs is suggested. Furthermore, the distal segment of the stem must be fully impacted until axial stability is achieved with the modular proximal body being used to restore appropriate leg length.
The overall proportion of patients experiencing complications (15 of 58 patients [26%]) and reoperation rate (10 of 58 patients [17%]) was relatively high; however, this is not unexpected given the complexity of the reconstructions and the poor medical condition of many of these patients. Furthermore, this complication rate is comparable to that found by Van Houwelingen et al. [28] who reported a 17% rate of intraoperative fracture (eight of 48 patients) and 10% dislocation rate (five of 48 patients) in addition to having five of 27 (19%) of the standard ZMR stems fracture. The most common reason for reoperation was instability, which in a recent large series [31] of revisions was seen in 10% with earlier papers showing even higher rates of dislocation in the revision population [4, 30] . Given the high risk, great care must be taken with trialing and we recommend the use of large-diameter femoral heads routinely [10] . However, this decision must take into consideration the possible risk of increased trunnion corrosion with larger head size [5] . Intra-and postoperative periprosthetic fractures were also seen commonly, which again is not surprising given the severe bone loss seen in this series. To prevent these fractures, we recommend that reaming be initiated by hand to ensure the reamer is centralized within the canal and the reamer should not be pushed deeper than the desired length of the revision stem to avoid the femoral bow. Furthermore, we routinely prophylactically place a cerclage wire just beyond the distal extent of the extended trochanteric osteotomy when used to protect the intact remaining femoral canal. Finally, we have seen these fractures occur during trialing or attempted reduction of the hip and the assistant must be warned that great care is required during this portion of the procedure.
In conclusion, modular tapered stems provided a low likelihood of revision at a minimum followup of 2 years, reliable osseointegration, and improvements in hip scores particularly when compared with an earlier report in which a cylindrical cobalt-chrome alloy stem was used in patients with Paprosky Type IIIB and IV femoral defects [26] . However, the overall rate of complications and reoperations in this complex patient population was substantial with dislocation and periprosthetic fractures being the most common complications observed. Although larger scale and longer-term studies are needed to better evaluate the survivorship and optimal design characteristics of these implants, based on these results, we continue to use modular tapered stems for the treatment of severe femoral bone loss.
